KaiC is the central oscillator protein in the cyanobacterial circadian clock. KaiC oscillates autonomously between phosphorylated and dephosphorylated states on a 24-h cycle in vitro by mixing with KaiA and KaiB in the presence of ATP. KaiC forms a C 6 -symmetrical hexamer, which is a double ring structure of homologous N-terminal and C-terminal domains termed CI and CII, respectively. Here, through the characterization of an isolated CII domain protein, CII KaiC , we show that phosphorylation of KaiC Thr432 destabilizes the hexameric state of the CII ring to a monomeric state. The results suggest that the stable hexameric CI ring acts as a molecular bundle to hold the CII ring, which undergoes dynamic structural changes upon phosphorylation.
Cyanobacteria are the simplest organisms known to exhibit a circadian rhythm [1] . The circadian rhythm of KaiC phosphorylation in the cyanobacterium Synechococcus elongatus PCC 7942 proceeds in the absence of any transcription-translation feedback [2] , and the oscillation of KaiC phosphorylation can be reconstituted in vitro by mixing KaiA, KaiB, and KaiC in the presence of ATP [3] .
KaiC is a duplicate P-loop ATPase consisting of the N-terminal and C-terminal domains, CI and CII, respectively (Fig. 1A) , and forms a C 6 -symmetrical hexamer in the presence of ATP [4, 5] . Thus, the KaiC hexamer is regarded as a double ring of CI and CII hexamers (Fig. 1B) . KaiC shows a very low level of ATPase activity that correlates with a period of circadian oscillation [6] . In addition, KaiC exhibits autokinase and autophosphatase activities on two residues, Ser431 and Thr432, in the CII domain [7] [8] [9] . These contiguous residues that can be phosphorylated are located proximal to the interfaces between the protomers in the hexameric CII ring [5] . The relationship between the activities of ATPase and autokinase/autophosphatase is one of the main targets of current studies to understand the molecular mechanism underlying the circadian oscillation of KaiC. To investigate the role of ATPase activity in the CI domain, a KaiC variant, E77Q/E78Q-KaiC, in which conserved catalytic glutamate residues in the CI domain were substituted for glutamine residues, was characterized [10] [11] [12] [13] . This variant impaired the ATPase activity of CI as expected, and resulted in the loss of the circadian oscillation of phosphorylation; nonetheless, the autokinase and autophosphatase activities were fully maintained [11] . The ATPase activity of the CI domain thus modulates the autokinase and autophosphatase activities of the CII domain to generate the circadian oscillation of phosphorylation of KaiC. However, tight and complex coupling of the structural changes between the CI and CII domains makes it difficult to determine the individual roles of each domain from the reaction course in the full-length KaiC protein.
Abbreviation DTT, dithiothreitol; nLC/MS/MS, nano-scale high-performance liquid chromatography coupled with tandem mass spectrometry.
In this study, to reveal the role of the CI domain in the oscillation of phosphorylation of KaiC, we characterized two truncated variants of KaiC, named CI KaiC and CII KaiC , which consist solely of the CI domain or CII domain, respectively. We found that CII KaiC retained autokinase activity while losing autophosphatase activity, and that a hexameric structure of the CII domain is destabilized upon phosphorylation at Thr432.
Materials and methods

Plasmids construction for CI KaiC and CII KaiC proteins
Two DNA fragments corresponding to the CI and CII domains covering Thr2 to Phe247 and Leu249 to Ser519 of KaiC, respectively, were amplified by PCR from the Synechococcus elongatus PCC 7942 kaiC gene. The PCR fragments were cloned into the BsaI site of pASK-IBA-5plus (IBA, St. Louis, MO, USA). In this overexpression system, the CI and CII domain proteins (CI KaiC and CII KaiC , respectively) were expressed as fusion proteins containing the Strep-tag sequence (MASWSHPQFEKGA) at the N termini (Fig. 1A) .
Plasmids for the overexpression of the two CII KaiC variants, CII KaiC DE and CII KaiC AA , were constructed independently of the plasmid for CII KaiC as follows. The region corresponding to the KaiC CII domain (Leu249-Ser519) was amplified by PCR using two plasmids as templates that were used for the overexpression of KaiC-DE and KaiC-AA proteins in the previous work [13] . The PCR fragments were cloned into the Table S1 .
Purification of recombinant Kai proteins
KaiA, KaiB, and KaiC with N-terminal Strep-tag were expressed and purified as previously described [13] . CI KaiC was expressed and purified as for KaiC. All steps were performed on ice or at 4°C. SDS/PAGE, respectively, followed by staining with Coomassie Brilliant Blue. Relative quantities of phosphorylated KaiC to total KaiC in each sample were determined using densitometric analyses with IMAGEJ software [14] .
Western blot analysis
Six hundred nanograms of each protein were separated using 15%T (0.1%C) SDS/PAGE and transferred onto a Immobilon-P transfer membrane (Merck Millipore, Temecula, CA, USA). The membranes were washed with PBST (phosphatebuffered saline containing 0.1% Tween 20), then incubated with 3% BSA at room temperature for 1 h. Next, they were washed with PBST followed by incubation with Strep-Tag II monoclonal antibody (Novagen, Madison, WI, USA; 1 : 5000) for 1 h at room temperature, followed by a final wash with PBST. Rabbit anti-mouse IgG H&L (HRP) (Abcam, Cambridge, UK) was used at a dilution of 1 : 10 000 for detection, and the Strep-tagged proteins were detected using Chemi-Lumi One Super chemiluminescent substrate (Nacalai Tesque, Kyoto, Japan). Chemiluminescence was measured using a ChemiDoc XRS+ imaging system (Bio-Rad).
Assay of KaiC oligomerization by gel filtration chromatography
CII KaiC was applied to a COSMOSIL 5Diol-300-II Packed Column (Nacalai Tesque) equilibrated with 20 mM TrisHCl (pH 8.0) buffer containing 150 mM NaCl, 10 mM ATP, and 5 mM MgCl 2 . Proteins were separated at room temperature or 30°C with a flow rate of 1 mLÁmin À1 and detected by absorbance at 280 nm, using an HPLC system (LC-10AVP; Shimadzu, Kyoto, Japan).
Results
Preparation of CII KaiC
To examine whether the CII domain exhibits autokinase and autophosphatase activities without the CI domain, a truncated KaiC protein variant, CII KaiC , consisting of only the CII domain corresponding to residues 249-519 of KaiC (Fig. 1A) , was prepared. In addition, the CI KaiC protein consisting of the CI domain corresponding to residues 2-247 of KaiC was also prepared. Both CI KaiC and CII KaiC were overexpressed in E. coli as Strep-tagged fusion proteins, with their molecular masses with the N-terminal Strep-tag II predicted to be 29.1 and 31.7 kDa, respectively. Both proteins were purified by Strep-tag affinity chromatography followed by gel filtration chromatography. CI KaiC eluted at around the 44.5-mL volume from the gel filtration column. The apparent molecular mass of this fraction was 162 kDa, which was in good agreement with the predicted molecular mass of a hexamer (172.6 kDa), indicating that CI KaiC forms a hexamer in the solution ( Fig. 2A ; upper panel). CII KaiC eluted in two peaks at 45 and 64 mL ( Fig. 2A , lower panel), with apparent molecular masses of 157 and 31 kDa, respectively. The apparent molecular mass was with 157 kDa lower than that predicted for hexameric CII KaiC (190.2 kDa), while the other value, 31 kDa, was in good agreement with the monomeric form (31.7 kDa), indicating that CII KaiC formed an oligomer with a molecular mass of about 157 kDa while partially existing as a monomer. Although 157 kDa is rather close to that corresponding to a pentameric form (158.5 kDa), we regarded the oligomer of CII KaiC as a hexamer because even the hexamer of full-length KaiC behaved as a protein with a molecular mass lower than that predicted in similar gel filtration chromatography assays [13] . CI KaiC and the two CII KaiC fractions were analyzed by SDS/PAGE. Figure 2B shows that the CII KaiC in the monomeric fraction migrated as a doublet of upper and lower bands corresponding to approximately 35 kDa, which is consistent with the predicted molecular mass. The CII KaiC in the oligomeric fraction migrated as a single band that was accompanied by a very faint upper band, which possibly corresponded to the upper band of the monomeric fraction (Fig. 2B ). Western blot analysis with an anti-Strep-tag antibody confirmed that all the bands on SDS/PAGE bore the Strep-tag (Fig. 2C ). Analogous to full-length KaiC, which shows a doublet band of phosphorylated and nonphosphorylated polypeptides on SDS/PAGE [9] , the upper and lower bands of monomeric CII KaiC on SDS/PAGE were expected to correspond to the phosphorylated and nonphosphorylated polypeptides, respectively. To confirm this, purified CII KaiC was treated with a phosphatase (the Mn 2+ -dependent protein phosphatase of k bacteriophage). The upper band of CII KaiC as well as that of full-length KaiC disappeared following treatment, and were accompanied by an increase in the lower band intensity (Fig. S1 ). Therefore, we concluded that the upper CII KaiC band corresponded to the phosphorylated form of CII KaiC .
Coupling between phosphorylation and dissociation of CII KaiC hexamer
The upper band of monomeric CII KaiC was thicker than that of the lower band (Fig. 2B) , indicating that monomeric CII KaiC was highly phosphorylated. The phosphorylation reactions of hexameric KaiC occur on each protomer interface, in which the ATP-binding loops and catalytic residues for the autokinase activity are located [11, 15] . We hypothesized that hexameric CII KaiC retains phosphorylation activity and dissociates into monomers upon phosphorylation. To confirm this, the hexameric CII KaiC fraction was incubated in the presence of 10 mM ATP at 30°C to promote phosphorylation, and analyzed by SDS/PAGE and gel filtration chromatography (Fig. 3A, B) . SDS/PAGE analysis showed that the lower band decreased and had disappeared by 24 h and that the upper band increased in a reciprocal manner to be almost a single band by 24 h, indicating that hexameric CII KaiC was phosphorylated during incubation with ATP. In contrast to CII KaiC , SDS/PAGE analysis of full-length KaiC showed that the lower band increased while the upper band decreased, indicating that the ratio of phosphorylated KaiC to total KaiC decreased at 30°C as previously reported (Fig. 3A) [2] . The gel filtration chromatography revealed that hexameric CII KaiC converted into a monomer during the 12-h incubation at 30°C, unlike KaiC, which remained in its stable hexameric form (Fig. 3B) . These data strongly suggest that phosphorylation and hexamer dissociation of CII KaiC are closely coupled.
We analyzed two CII KaiC variants, CII KaiC AA and CII KaiC DE , that carry two substitutions at the phosphorylation residues (Fig. 3C) . CII KaiC DE is a phosphorylated mimic in which the Ser and Thr residues corresponding to the phosphorylation sites of KaiC were replaced with Asp and Glu residues, respectively. CII KaiC AA is a nonphosphorylated mimic in which both the Ser and Thr residues were replaced with two Ala residues. In gel filtration chromatography, CIIKaiC DE eluted only in one fraction with an apparent molecular mass of 26 kDa, indicating that CII KaiC DE existed as a monomer. In contrast, CII KaiC AA eluted much earlier than CII KaiC DE in a fraction with an apparent molecular mass of 141 kDa, which is in good agreement with that of a pentamer or hexamer. These results suggested that phosphorylated CII KaiC is a monomer that does not form a hexamer. Phosphorylation of CII KaiC may destabilize the hexamer to dissociate it into monomers.
To identify which of the phosphorylation sites in CII KaiC is related to hexamer dissociation, we analyzed the phosphorylated polypeptide by nLC/MS/MS. First, CII KaiC hexamer incubated for 24 h at 30°C was applied to Phos-tag ™ PAGE, in which phosphorylated polypeptides migrate much slower than nonphosphorylated ones in the presence of MnCl 2 [16] ( Fig. S2, panel A) . The well-resolved band of phosphorylated CII KaiC was excised and digested by a combination of two site-specific proteases, trypsin and AspN, and the digested peptides were subjected to nLC/MS/MS. Only two phosphorylated peptides were observed with high intensities: DSHISpTIT (retention (Fig. S2, panel C) . The latter peptide fragment might have been produced by partial digestion by AspN. The phosphate group occurred on the same residue, Thr, corresponding to Thr432 of KaiC. We could not observe any peptides with nonphosphorylated Thr432 or with phosphorylated Ser431. These data strongly suggest that hexameric CII KaiC is phosphorylated at the specific Thr residue at 30°C, but that no further phosphorylation at other Ser or Thr residues occurs in CII KaiC . Therefore, the destabilization of hexameric CII KaiC would be caused by phosphorylation of the Thr residue corresponding to KaiC Thr432.
Concentration-dependent dissociation of hexameric CII KaiC
When the hexamer fraction of CII KaiC ( Fig. 2A , lower panel) was diluted to a protein concentration of 0.4 mgÁmL À1 to be reanalyzed by gel filtration chromatography, a significant portion of it eluted in the monomer fraction in addition to the hexamer fraction (Fig. 3B) , implying that dilution causes dissociation of the hexameric form. To confirm this, isolated hexameric CII KaiC as well as KaiC and CI KaiC were diluted to concentrations of 0.1, 0.2, and 0.4 mgÁmL À1 at 30°C and then immediately analyzed by gel filtration chromatography (Fig. 4A) . Hexameric CII KaiC yielded peaks corresponding to the hexamer and monomer forms at all three protein concentrations. The ratio of monomer to hexamer at 0.1 mgÁmL À1 was the highest of the three concentrations, and decreased at higher concentrations. In contrast, KaiC and CI KaiC conservatively eluted as a single hexameric peak at all the concentrations examined (Fig. S4) . The unique behavior of CII KaiC in gel filtration chromatography suggested that the hexameric structure of CII KaiC is much more unstable than those of KaiC and CI KaiC . The concentration of CII KaiC was likely responsible for the equilibrium between the hexamer and monomer forms. No significant change in the chromatographic profiles was observed in CII KaiC at all concentrations after incubation at 4°C for 12 h (Fig. 4B) . However, when CII KaiC was incubated at 30°C, only the monomer peak was detected for all concentrations. The phosphorylation reactions at the different protein concentrations during incubation at 30°C were also examined for CII KaiC and KaiC (Fig. 4C, D) . Fulllength KaiC showed the same kinetics of the ratio of phosphorylated form irrespective of protein concentration (Fig. 4C) . In contrast, the ratio of phosphorylated CII KaiC increased during incubation, and the initial increasing rate became higher with increasing protein concentration (Fig. 4D) , suggesting that CII KaiC does not have an autophosphatase activity or, if it does, it would be much lower than that of the autokinase activity; the CI domain would thus be essential for the autophosphatase activity of the CII domain in fulllength KaiC. As the initial ratio of phosphorylated CII KaiC was approximately 0.2, CII KaiC might even be destabilized by such a low phosphorylation level. Once the hexamer form dissociated into monomers, the rate of phosphorylation in monomeric CII KaiC was dependent on protein concentration (Fig. 4D) , presumably because the nonphosphorylated CII KaiC monomer behaves not only as an enzyme but also as a diffusible substrate.
Irreversible phosphorylation of CII KaiC
To examine whether CII KaiC has the autophosphatase activity or not, we examined the reversibility of CII KaiC phosphorylation. The ratio of phosphorylated KaiC is the result of equilibration between the phosphorylation and dephosphorylation reactions, whose rates are determined by the two antagonistic autokinase and autophosphatase activities of KaiC. As shown in Figs 3A and 4C, the levels of phosphorylated KaiC were decreased by dephosphorylation during incubation at 30°C, while the levels of phosphorylated KaiC increased again following incubation at 4°C (Fig. 5A ) [17] . The autophosphatase activity of KaiC was thus much higher than its autokinase activity at 30°C, as the ratio of phosphorylated KaiC decreased at this temperature. The autokinase activity became higher at 4°C and vice versa. In contrast to KaiC, the phosphorylation level of CII KaiC increased at 30°C, reaching approximately 0.7 after 24 h; however, it remained constant during incubation at 4°C (Fig. 5A ), indicating that phosphorylation of CII KaiC is irreversible between 4 and 30°C. We further analyzed the temperature dependency between 4 and 30°C of phosphorylation of CII KaiC and KaiC. Figure 5B shows the change in the ratio of phosphorylated protein between pre-and post-24-h incubation at each temperature (ΔP). For KaiC, approximately 0.15 of the ΔP value at 4°C decreased, becoming negative at approximately 10°C and reaching approximately À0.26 at 30°C (Fig. 5B) . In other words, the autokinase activity is greater than the autophosphatase activity between 4 and 10°C, and the autophosphatase activity becomes higher than the autokinase, gradually increasing to between 11 and 30°C. In contrast, the ΔP value of CII KaiC constantly increased from 0.03 at 4°C to approximately 0.44 at 30°C, being positive over the range of examined temperatures (Fig. 5B) . A negative ΔP value, indicating the dominance of the autophosphatase activity, was not observed for CII KaiC at any temperature examined. As the phosphorylation of CII KaiC was irreversible (Fig. 5A) , the temperature dependences indicate that the autophosphatase activity is almost completely impaired in CII KaiC . The CII KaiC protein would show the bare autokinase activity of the CII domain in full-length KaiC.
Although KaiA enhances KaiC phosphorylation to increase the KaiC phosphorylation level, KaiB inhibits KaiA activity, thereby decreasing the KaiC phosphorylation level [7, 8] . KaiA and KaiB repeatedly assemble and disassemble with KaiC to form complex periodically [18] [19] [20] . As CII KaiC was not apparently dephosphorylated in the examined temperature range (Fig. 5B) , the effects of KaiA and KaiB on the ratio of phosphorylated CII KaiC were examined (Fig. S5) . Incubation with either KaiA or KaiB at 30°C had no effect on the CII KaiC phosphorylation level. In addition, even in the presence of both KaiA and KaiB, the CII KaiC phosphorylation level was the same as the control (CII KaiC only).
Discussion
KaiC is a unique protein that shows circadian oscillation [3] . Although no conventional kinase or phosphatase motifs are present in KaiC, it exhibits autokinase and autophosphatase activities [7, 8] . The two phosphorylation residues, Ser431 and Thr432, are located in the CII domain [9] . In this study, we found that the Thr residue of CII KaiC , which corresponds to Thr432, was phosphorylated, indicating that the CII domain is an active autokinase even without the CI domain. This CI domain-independent autokinase activity of the CII domain is consistent with the previous observation that the phosphorylation activities are also fully retained in a KaiC variant in which the ATPase activity of the CI domain was impaired [11] [12] [13] . CII KaiC was found to be partially phosphorylated in its hexameric state (Fig. 2) , indicating that hexameric KaiC possesses autokinase activity [11] . During the KaiC phosphorylation cycle, residues Ser431 and Thr432 in the CII domain are phosphorylated and dephosphorylated in the following programmed sequence: S/T ? S/pT ? pS/pT ? pS/T ? S/T, where 'S' represents Ser431, 'pS' represents phosphorylated Ser431, 'T' represents Thr432, and 'pT' represents phosphorylated Thr432 [21, 22] . In the nLC/MS/MS analysis of CII KaiC , only the Thr residue but not the Ser residue, was phosphorylated (Fig. S2) . Transition to the S/pT state appeared to be caused dissociation of the CII KaiC hexamer into monomers (Fig. 3A, B) . The pS/pT or pS/T state of CII KaiC could be cryptic in the nLC/MS/MS analysis and serve as a trigger, while the dissociated S/pT monomers never reassembled in a hexamer. We found that the quasi-static ratio of hexameric and monomeric CII KaiC fractions at 4°C was dependent on protein concentration (Fig. 4A, B) . These results suggest that nonphosphorylated CII KaiC is in an equilibrated state of hexamer and monomer forms. Phosphorylation at the Thr residue in CII KaiC would destabilize the interaction between the protomers of hexameric CII KaiC and inhibit further hexamer assembly to promote dissociation of the hexamer into monomers. This is presumably due to the negative charge and/or steric effect of the phosphate group. As CII KaiC AA formed more stable hexamers than CII KaiC and CII KaiC DE , which only existed in the monomeric state (Fig. 3C) , electrostatic repulsion between the phosphate group at the Thr residue and ATP might be more crucial than the steric effect of a phosphate group. Once hexameric CII KaiC dissociates into monomers, there would be very little chance for further phosphorylation to occur to form pS/pT, which requires a feasible protomer interaction as discussed below.
The CII KaiC hexamer would have a structure similar to the KaiC CII domain. In the atomic structure of KaiC (PDB ID: 3DVL), all amino acid residues responsible for autophosphorylation are located on each protomer interface of the C 6 -symetirical CIIdomain ring [5] . At the protomer interface, one protomer provides the ATP-binding loops and the two catalytic glutamate residues, while the adjacent protomer provides the two phosphorylated Ser and Thr residues. In the single protomer, these residues are located far from each other and the phosphorylation seems not to proceed. Indeed, this structural implication is consistent with a previous report indicating that phosphorylation occurred between monomers of KaiC [15] . The hexameric structure of the CII domain would thus be required to locate the phosphorylated residues close to the c-phosphate of ATP on the protomer surface.
It is noteworthy that even after the CII KaiC hexamer totally dissociated to monomers in 12 h, the phosphorylated ratio of CII KaiC still increased (Fig. 4) . This unexpected phosphorylation of monomeric CII KaiC showed protein concentration dependency, which is unique for CII KaiC and not observed in KaiC (Fig. 4C,  D) . As both enzyme and substrate should exist in the diffusible CII KaiC monomer form in this situation, phosphorylation is expected to obey a second-or higher-order reaction model in which CII KaiC forms an oligomer as an enzyme-substrate complex. As CII KaiC would be in an equilibrated state of hexamer and monomer as discussed above, it is thus possible that each nonphosphorylated CII KaiC monomer in the solution could be assembled transiently into an oligomer, with the protomer interfaces accessible for phosphorylation of the Thr residue. Supporting this hypothesis, both the hexameric CII KaiC fraction and the CII KaiC phosphorylation level increased with increasing protein concentration at 30°C (Fig. 4) .
The phosphorylation of CII KaiC proceeded and was irreversible under all the conditions examined, with the phosphorylated form being stable at 4°C (Fig. 5, Fig.  S5 ). CII KaiC thus has no or very little autophosphatase activity; autophosphorylation is always dominant in CII KaiC , suggesting that the CI domain of KaiC is essential for dephosphorylation. Unlike reactions mediated by conventional protein phosphatases, the dephosphorylation of KaiC occurs via the reversal of the phosphorylation reaction, which is proposed to occur between protomers in the hexamer [17, 23] . This situation is similar to that for the phosphorylation of monomeric CII KaiC , in which the reaction requires close interaction between protomers to form an enzyme-substrate complex, as discussed above. Therefore, the loss of autophosphatase activity in CII KaiC can be regarded as a result of destabilization and disassembly of the hexamer by the phosphorylation of the Thr residue. Taken together with the absence of Ser phosphorylation in CII KaiC , a stable hexameric CII ring of KaiC would be necessary to enable the programmed phosphorylation and dephosphorylation sequence to proceed after the S/pT state.
Full-length KaiC forms a stable hexamer irrespective of phosphorylation state. In contrast, CII KaiC dissociated easily into monomers during phosphorylation at Thr (Fig. 3) . A previous study proposed that the KaiC hexamer consists of a rigid hexameric CI ring, and a flexible CII ring [15] . The flexibility of the CII ring governs the rhythm of KaiC autophosphorylation and autodephosphorylation [24] , and during the phosphorylation cycle, the CII ring exhibits global expansion and contraction motions [25] . The results of this study demonstrate that a stable CI ring is crucial to suppress dissociation of the phosphorylated CII ring. Such a bundle, holding the unstable CII ring by the rigid CI ring, may contribute to the robust circadian oscillation of KaiC phosphorylation.
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